A detailed study of top-quark polarizations and tt charge asymmetries, induced by topsquark-pair production at the LHC and the subsequent decayst → tχ 0 1 , is performed within the effective description of squark interactions, which includes the effective Yukawa couplings and another logarithmic term encoding the supersymmetry breaking. This effective approach is more suitable for its introduction into Monte-Carlo simulations and we make use of its implementation in MadGraph in order to investigate the possibilities of the charge asymmetry A C , measured at the LHC and consistent with SM expectations, to discriminate among different SUSY scenarios and analyze the implications of these scenarios in the top polarizations and related observables.
Introduction
The Standard Model (SM) of the electroweak and strong interactions is the present paradigm of particle physics and provides a very good description of all data collected so far at hadron and lepton colliders [1] , including the recent discovery of the SM-like Higgs boson at the LHC [2, 3] . However, there are arguments against the SM being the fundamental model of particle interactions [4] , giving rise to the investigation of competing extended models. Among the alternatives of physics beyond the SM, one of the most promising possibilities is supersymmetry (SUSY) [5] [6] [7] [8] , which leads to a renormalizable field theory with precisely calculable predictions to be tested in present and future experiments and whose simplest realization at the electroweak scale is the Minimal Supersymmetric Standard Model (MSSM) [9] . The MSSM predicts the existence of superpartners for each SM particle: squarks/sleptons, gauginos and higgsinos are the partners of quarks/leptons, gauge and higgs bosons, respectively. The Higgs sector contains two scalars doublets, with a spectrum that includes three neutral Higgs bosons (h, H, A) and one charged Higgs pair (H ± ) [10] , with the lightest MSSM Higgs boson h being completely consistent with the discovered SM-like Higgs boson with mass m h SM = 125.9 GeV (see e.g. [11] ).
In this work we focus on the properties of the top-squarks, the SUSY partners of SM top quarks. In particular, we concentrate on the top-squark decay channels involving neutralinos, the fermionic neutral superpartners of the electroweak gauge and Higgs bosons. Once produced, top-squarks will decay in a way dependent on the model parameters (see e.g. [12] ). If the decay channels into gluinos and quarks or into other squarks and gauge or Higgs bosons are not kinematically allowed, the main decay channels of top-squarks are their partial decays into charginos and b quarks (t → bχ ± ) or into neutralinos and top quarks (t → tχ 0 ). Some of those channels are expected to be always open, given the large mass difference between quarks and top-squarks, and that the charginos/neutralinos are expected to be lighter than the top-squarks in the majority of SUSY-breaking models. In the few cases in which these channels are closed, the top-squarks will decay through flavor-changing neutral channels [13] [14] [15] , or through three-or four-body decay channels involving a non-resonant SUSY particle [16] [17] [18] [19] [20] [21] . Here we will concentrate on the top-squark decay channels involving neutralinos and top quarks, within the effective description developed in [22] , more suitable for their introduction in the Monte-Carlo programs used in experimental analysis. This computation combines the effective description (which includes higher order terms) with the complete one-loop description (which includes all kinetic and mass-effects factors) and defines a new effective coupling. It includes a non-decoupling logarithmic gluino mass term, which implies a deviation of the higgsino/gaugino and Higgs/gauge couplings equality predicted by exact SUSY. This deviation is important and has to be taken into account in the experimental measurement of SUSY relations. It is showed in [22] that the effective description approximates the improved description within a 10% precision, except in special uninteresting corners of the parameter space, where the corresponding branching ratios are practically zero. Whilst the results in [22] apply the description only to squark decays, a more recent work [23] expands the results of [22] by applying those results to the production cross section of squarks at the LHC. In [23, 24] , this effective description has been implemented in MadGraph [25, 26] MSSM framework [27] , in order to be applied to the partial decay widths of squarks into charginos and neutralinos and compute the corresponding cross sections.
After the discovery of the top-quark [28, 29] , top-quark physics has entered the era of precision measurements. Among the many measurements performed, the tt forward-backward asymmetry has received an special attention because of a disagreement with respect to the SM predictions [30] [31] [32] [33] [34] [35] [36] [37] . The tt lepton based asymmetries are above the SM as well [38] [39] [40] [41] . These discrepancies have motivated a plethora of new physics explanations. However, most of the present precision tt measurements at the LHC exclude some of the simplest forms of the new physics models proposed. In this work we analyze some effects of SUSY in new physics tt observables.
An important aspect of the top-squark phenomenology is the possible contribution of the decay channelt → tχ 0 1 to new physics tt observables at the LHC [42] [43] [44] [45] , as charge asymmetries or top-quark polarization. The presence of top-quarks from this decay could mean non-zero polarizations in the resulting final state at the LHC. Since the top-quark decay occurs before hadronization, the polarization can have important implications for the kinematic distributions of the final particles, and hence on the search strategies for the topsquarks [45] . The longitudinal polarization of top-quarks coming from top-squark decays into neutralinos depends on the mass difference between the top-squark and the neutralino, as well as on the mixing in both sectors, and can take any value between −1 and +1, while the measurements of ATLAS [46] and CMS [47] are in good agreement with the SM prediction of negligible top-quark polarization. Therefore, polarization studies may supply information about different SUSY scenarios [48] . On the other hand, explanations of the top-quark forward-backward asymmetry A FB observed at the Tevatron [38, 39, [49] [50] [51] , which exceeds the SM predictions [30-34, 36, 37, 52] , must take into account the measurements of the tt charge asymmetry A C at the LHC [53] [54] [55] which are consistent with the SM expectations and tightly correlated with A FB [56] [57] [58] [59] [60] [61] [62] [63] [64] , given that both tt observables could receive contributions from top-squark pair production decaying into neutralinos and top-quarks. However, it is possible to have an excess in A FB and no excess in A C if some cancellation occurs [60, [65] [66] [67] [68] or even exhibit differences in ttγ production [69, 70] . We will not try in this work to search for particular SUSY scenarios which would fit better the asymmetry A FB measured at the Tevatron and analyze their A C predictions at the LHC. Our purpose here will be rather to look into the consistency of the proposed SUSY scenarios with the SM expectations for the charge asymmetries defined in [37] and then study the implications of these scenarios on the top-quark polarizations and related observables at the LHC, which may help to discriminate among them and the SM. We put special emphasis on the way the effective description of squarks interactions affects these observables.
The paper is organized as follows. In section 2 we review the most relevant features of the effective description of squark/chargino/neutralino interactions. The new physics tt observables related to the top-quark polarizations and charge asymmetries at the LHC are presented in section 3. Section 4 is devoted to the numerical analysis of tt charge asymmetries and top-quark polarization observables for several SUSY scenarios, comparing these results to the SM predictions calculated at next to leading order (NLO). In the end, the conclusions and final comments are summarized in section 5.
Theoretical framework: effective description approximation
Here we work within the MSSM framework. It is well known that QCD corrections to the squark partial decay widths into charginos and neutralinos can be numerically large, specially in certain regions of the parameter space [71] [72] [73] [74] . The complete one-loop corrections to squark partial decay widths are already available [74, 75] , but their complicated expressions are not suitable for the introduction in Monte-Carlo programs used for experimental analysis. An effective description of squark/chargino/neutralino couplings, simple to write and to introduce in computer codes, was given in [22] . This description contains the large one-loop corrections from the finite threshold corrections to the quark masses, but it also contains higher order corrections including another logarithmic term which encodes the supersymmetry breaking. The above effective description have been recently implemented in MadGraph MSSM framework [23] . In this article we use this implementation to discuss the effects of the radiative corrections included in the effective description of squark interactions on top polarization and top-quark asymmetries.
In the following we present the crucial expressions of the effective approach which have been included in MadGraph package [25, 26] . We briefly introduce the tree-level Lagrangian of interactions of the quark-squark-chargino/neutralino and then, an extract of the analysis in [22] depicting the effective description of the squarks interactions is presented. The treelevel interaction Lagrangian between fermion-sfermion-(chargino or neutralino) reads [74] 
Here we have adopted a compact notation, where f ′ is either f or its SU (2) L partner for χ r being a neutralino or a chargino, respectively. Roman characters a, b . . . are reserved for sfermion indices and i, j, . . . for chargino indices, Greek indices α, β, . . . denote neutralinos, Roman indices r, s . . . indicate either a chargino or a neutralino. For example, the top-squark interactions with charginos are obtained by replacing f → t, f ′ → b, χ r → χ − r , r = 1, 2. The coupling matrices that encode the dynamics are given by:
with Y L and Y t,b
R the weak hypercharges of the left-handed SU (2) L doublet and right-handed singlet fermion, and λ t and λ b are the Yukawa couplings.
In the effective description approach, following hints from Higgs-boson physics [76] [77] [78] [79] [80] , an effective Yukawa coupling is defined as:
with m q (Q) (q ≡ b, t) being the running quark mass and ∆m q is the finite threshold correction. The SUSY-QCD contributions to ∆m q are
where I(a, b, c) is the scalar three-point function at zero momentum transfer,
The effective description of the squark interaction consists in replacing the tree-level quark masses in the couplings defined in Eqs. (2) by the effective Yukawa couplings of Eq. (3), and use this Lagrangian to compute the partial decay width (see [22] for details). A Yukawaimproved decay width computation has been defined in [22] and it showed that the effective description using just the Yukawa threshold corrections of Eq. (3) is not enough for the squark partial decay widths description. The one-loop corrections develop a term which grows as the gluino mass mg [81] , which is absent in the effective Yukawa couplings in Eq. (3). Therefore, the QCD corrections to squark partial decay widths produce explicit non-decoupling terms of the sort log mg. To understand those terms a renormalization group analysis is in order [22] . It is possible to construct an effective theory below the gluino mass scale, which contains only squarks, quarks, charginos, neutralinos and gluons in the light sector of the theory, and integrate out the gluino contributions. We calculate the renormalization group equations (RGE) of the gaugino and higgsino couplings, and perform the matching with the full MSSM couplings at the gluino mass scale mg. Only the logarithmic RGE effects have been considered, neglecting the possible threshold effects at the gluino mass scale. Since the effective theory does not contain gluinos, only the contributions from the gluon have to be taken into account. In [22] , they showed that the effective description (6) approximates the full one-loop computation to within 2 − 5% for large enough gluino masses (mg 1 TeV). The effects of the new logarithmic terms are more visible in the gaugino-like channels, where the Yukawa couplings play no role, and the bulk of the corrections corresponds to the log terms. In the higgsino-like channels their importance is less apparent.
Finally, a simple expression for the effective description of squark/chargino/neutralino couplings is given by [22, 23] :
where β 0 is the QCD β-function and λ eff (Q) are the effective Yukawa couplings, Eq. (3). Then, the effective description of squark interactions consist of replacing the tree-level quark masses and/or gaugino and higgsino couplings in Eq. (2) by the effective couplings as giving above, Eq. (6). After introducing these expressions in computer codes as MadGraph, a good description for squark decays into charginos and neutralinos is accomplished, and then we are able to compute any physical processes involving these vertices, including the leading radiative corrections.
New physics tt observables
It is known that by studying the final states with top quarks at the LHC and measuring the top-quark polarization we are able to differentiate the allowed MSSM scenarios. One possible scenario to explore is the case of the production of two top-squarks decaying into neutralinos and tops, pp →t it * i → ttχχ, where χ stands forχ 0 1 ,χ 0 2 andt i fort 1 ,t 2 . The resulting polarization of the top quark coming from the top-squark decays, P t , reads as [48] :
where f 1,2 are pure kinematic factors given by
with m t , p t and s t denoting the top mass, momentum and longitudinal spin vector, respectively, and p χ and m χ the neutralino momentum and mass, and A
(t)
±αi are the neutralino couplings defined in Eq.(2). In the rest frame of the decaying particle these factor reduce to
and λ(x, y, z) = x 2 + y 2 + z 2 − 2xy − 2yz − 2xz. By means of these expressions the polarization of the top quarks can be calculated at tree level and also in the effective approximation of squark interactions. The measured particle assessing top-quark polarization is the electron coming from the semi-leptonic decay of the W boson from t → bW → blν l [42, [82] [83] [84] . The top-quark polarization enters the lepton angular distribution in the following way [83] 
where θ l is the angle between the top-quark and the lepton directions in the laboratory frame, and β t is the top-quark velocity:
being E t the total energy of the top quark. The effects from original top-quark polarization, P t , are entangled with the boost in the form of an effective polarization [83]
To measure the top-quark polarization one can define an asymmetry in θ l . Because the θ l distribution is non-symmetric, one has the freedom to define asymmetries with respect to different angles, for example [45] A
where σ is the integrated cross-section. Another option to characterize the asymmetry is using the azimuthal angle. We define the following axes system: theẑ-axis is defined by the proton direction, and thex −ẑ plane is defined by the top-quark direction and theẑ-axis, then φ l is the azimuthal angle of the lepton in this system. Because at the LHC the initial state has identical particles, theẑ-axis can point in the direction of either proton, and it is not possible to distinguish between φ l and 2π − φ l [48] . We can relate θ l to φ l by using the spherical angles coordinates in this axes system: the top-quark angular variables are (θ t ,φ t = 0) and the lepton ones are (θ l ,φ l = φ l ), then:
in this way the lepton distribution (10), after integrating overθ t andθ l , picks up a φ l dependence. We define then the asymmetry [45]
where σ is the integrated cross-section. Besides, β t , A φ l and A θ l , there are other top-quark-wise observables characterizing the events, such as:
The ratios z and u, with E t , E b and E l being the lab-frame energies of the top-quark, and the bottom-quark and the lepton coming from its decay, respectively, are sensitive to the topquark polarization when the top-quarks are highly boosted [85] . The distributions of these variables can be explored using the MadGraph implementation containing the effective squark approximation [23] , allowing us to acknowledge whether top-quark polarization observables are sensitive to the effective approximation of squark interactions. It worth mentioning that for our new physics scenario the top-quark polarization is further affected by the underlying event kinematics: our top-quark came from an already boosted system, the squark. Thus, the resulting top-quark polarization has a dependence on the squark boost [45] . Finally, it is known that the top-quark production at the Tevatron is dominated by theannihilation, hence the charge asymmetry will be reflected not only in the partonic rest frame but also in the center of mass system of proton and antiproton. The situation is more complex for proton-proton collisions at the LHC, where no preferred direction is at hand in the laboratory frame, thus lacking a natural definition for the charge asymmetry given the symmetric nature of the incoming protons. However, the parton distributions inside the protons are not symmetric for quarks (mainly valence quarks) and antiquarks (all sea quarks), meaning quarks usually carry more momentum than antiquarks. For a positive (negative) charge asymmetry in→ tt events, the top-quark (top-antiquark) is more likely to be produced in the direction of the incoming quark in the tt rest frame, resulting in a broader (narrower) rapidity distribution of top-quarks than of top-antiquarks in the laboratory frame. The difference in the absolute values of the rapidities (y) of the top-quarks and antiquarks, ∆|y t | = |y t | − |yt|, is therefore a suitable observable to measure the tt charge asymmetry. Several processes beyond the SM can alter this asymmetry [35, 56, [86] [87] [88] [89] [90] [91] [92] [93] , either with vector or axial vector couplings or via interference with the SM. Hence the measurement of the charge asymmetry provides a useful tool to test for the presence of new physics that would be hidden in the tt invariant mass (m tt ) spectrum.
The charge asymmetry in tt production at the LHC can be defined as follows:
where ∆|ξ| = |ξ t(l + ) | − |ξt (l − ) | and ξ is η or y, the pseudo-rapidity (η = − log tan θ 2 ) or rapidity (y = 1 2 ln E+pz E+pz ) of top-quarks and its semi-leptonic decay products, respectively. Ref. [37] argued that since most of the charge asymmetry is concentrated at large rapidities, the statistical significance of any measurement will be enhanced, if the sample is restricted to larger rapidities. Therefore, a complementary asymmetry is defined by:
Moreover, a kinematic cut on
can be used to enlarge the fraction ofevents, σ(qq), contained in the total cross-section, σ total = σ(qq) + σ(gg) (see, for example [69] ). These asymmetries have been measured at the √ s = 7 TeV LHC. The SM prediction for them is around ∼ 10 −2 [37] . Current LHC experiments are not sensitive enough to measure a non-null asymmetry, their results being compatible with the SM and zero at one standard deviation:
A tt (Y cut = 0.7) = 0.015 ± 0.025 [54] .
The leptonic asymmetries are also compatible with zero but at two standard deviations:
= 0.009 ± 0.012 [55] .
The new physics models trying to explain the deviation found at Tevatron must have the complementary check against LHC measured asymmetries.
Numerical analysis
We present the numerical analysis for fixed values of the SUSY parameters and make plots by changing one parameter at a time. However, we stress that our programs are able to perform computations for any MSSM parameter space point and they admit SLHA [94] (2) gaugino mass parameters; respectively, mg is the gluino mass, A f (f = t, b, τ ) denotes the trilinear Higgs-quark coupling, µ is the higgsino mass parameter, M A is the pseudoscalar mass, tan β is the ratio between the Higgs fields vacuum expectation values and the last six rows correspond with the soft-SUSY breaking parameters in the squark sector. On one side, because of the comparison with previous results and for illustrative purposes, we choose a parameter set defined as Def [23] . This scenario has been largely explored in the above reference within a very good accuracy of the effective approximation, namely that the effective approximation provides a good description of the radiative-corrected squark partial decay widths if the gluino mass is heavier than the topsquark mass. On the other side, SUSY parameters are chosen from a modification of the m h max scenario as in [96] with negative trilinear couplings (mod − ), and the model 100267 from [97] (pM SSM c ). Finally, we define a new scenario with relatively small masses for the squarks of the third generation in order to provide a scenario with top-squarks capable of being produced in the next run of the LHC and compatible with the effective approximation used along this work. We denote this parameter choice LS in our numerical analysis, corresponding with a scenario with light squark. Even if we present the input parameters for all the scalar sector, we restrict ourselves in the numerical analysis to the case of third generation squarks. With these input parameters, the central values for the physical SUSY particle masses are given in table 3. At present the ATLAS and CMS collaborations have already put some stringent limits [98] [99] [100] [101] [102] [103] [104] [105] on the masses of gluino and squarks, specially of the first and second generations. Our top-squark mass parameter choices are larger than the excluded ones, moreover the exclusion limits would be loosened by allowing the existence of several decay channels for the top squark. Besides, since we are interested in the effective description of squark interactions, the gluino mass is chosen preferably large to enhance the effects of the logarithmic terms. Note also that if the gluino decay channel is open, it will be the dominant decay channel for squarks, rendering the chargino/neutralino channels phenomenologically irrelevant. Therefore our region of interest is:
The analysis of the accuracy of the effective approximation was performed in [22] , using the pa- rameter set Def as an example. We have additionally checked that the same conclusions hold for the MSSM scenarios analyzed in the present work, namely that the effective approximation provides a good description of the radiative-corrected partial decay widths, if the gluino mass is heavier than the top-squark mass (mg 1000 GeV). We have also checked that our SUSY parameters sets are compatible with present values of the Higgs boson mass [2, 3] . We use a self-coded routine containing the expressions of [106] for the computation of the Higgs boson mass at two-loop level. The results for the mass of the lightest CP-even Higgs boson mass for each scenario are also included in table 3. Our aim is the phenomenological analysis of the MSSM contributions to the top-quark charge asymmetries and top-quark polarization at the LHC. In particular, we concentrate in the contributions coming from the decays of the top-squarks (t 1 andt 2 ) into top quarks plus missing energy, both at tree level and at one-loop order. Figure 1 shows the generic Feynman diagrams contributing the most to σ(qq → (qχ)(qχ)). Heref denotes the squarks of the first and the second generations. Left panel of figure 1 includes the generic double resonant diagrams (σ(qq →q aq * a → (qχ)(qχ))) and the right panel shows the single resonant diagrams. Regarding the simulation procedure, we have generated 5 millions of events, by means of MadGraph, for each one of the four SUSY scenarios described in table 2 and also 5 millions of events for the tt SM background, computed at NLO.
First of all, we have computed the top-squark partial decay widths in each scenario, focusing on reactions where botht 1 andt 2 decay into a top-quark and the lightest neutralinõ χ 0 1 . Results for all the branching ratios at tree level are presented in table 4. Note that the more convenient MSSM scenarios for our purpose are pM SSM c and LS. In these two cases BR(t 1 → tχ 0 1 ) is maximal, the othert 1 decays channels being closed. Fort 2 all decays channels are open being BR(t 2 → X) (X ≡t 1 h,t 1 Z 0 ,b 1 W + ) maximal. In the Def and mod − scenarios there exist other allowed decay channels for the top-squarks and thet 1,2 → tχ 0 1 are suppressed. However, we choose these two other MSSM sets to have a more complete phenomenological analysis and to arrive to general conclusions.
The SUSY-QCD contributions we are interested in are
where p implies g, u, d, s, c initial states and l resume e and µ leptons. Besides, leptons in the final state appear only as product of the top-quark decay chain t → bW → blν l . We apply kinematic cuts on the transverse momentum p T and pseudo-rapidity η of the final leptons and b quarks, being p T > 20 GeV and |η| < 2.5. Relative deviation, δ in %, of any quantity, R, is calculated as: expected, the cross-section in all the MSSM scenarios is suppressed with respect to the SM one. The values of the MSSM cross-section are between 2 fb and 10 −4 fb, depending on the SUSY parameter choice. Clearly, the most promising scenario for this analysis is LS, having a maximum value for the cross-section of about 2 fb. The radiative corrections can be large in some scenarios. For example, the relative deviation δ between the tree-level calculation and the effective results is around 89% and 40% in the Def and mod − scenarios, respectively. However, the situation change drastically for the other two scenarios, being the above relative deviation equal or less than 1%. We complete the analysis presenting the results for √ s = 14 TeV and L = 300 fb −1 , the anticipated integrated luminosity that will be delivered by LHC in its first 10 years of life [107] , or L = 1000 fb −1 for the high-luminosity LHC (HL-LHC) [108] . The LS scenario has the best signal to background relations of all the scenarios presented in this work and its expected signal significances for the highest cut on p miss T are shown in table 6 . There are some recent works very useful to identify K-factors that could be applied to the MSSM cross sections: a K-factor of 1.25-1.3 [109] can be estimated at NLO for top-squark production at the LHC [ Table 6 : Signal significances for the LS scenario, with S = σ S L and B = σ B L.
a K-factor of 1.8 [114] at next-to-next-to-leading-logarithmic (NNLL) accuracy [114] [115] [116] [117] [118] [119] [120] over the NLO cross section, resulting in an overall K-factor of 1.4, which has been considered for the calculations in table 6. We have also to take into account the K-factors for the SM which can be extracted from the well-known NNLO+NNLL QCD corrections to tt production [121] [122] [123] [124] [125] , estimating an approximate K-factor of 1.1. The results for the HL-LHC in table 6 are close to the lower limits of signal observation (around 3) and whilst they could be improved somehow if one applies some more cuts optimized to reduce the SM contribution, like a cut on the top-quark polarizations, it seems difficult to increase sufficiently the signal significances to achieve values near 5, considered as the signal discovery.
In that sense, in order to try to find scenarios with more promising signal significances, one can imagine simplified models [126] [127] [128] [129] [130] [131] with only one neutralino and one stop at low energies, whose masses should be much lighter than in the four scenarios considered in this work. One example of this kind of simplified models could be a modified LS scenario with M 1 = 100 GeV and Mq 3 = 375 GeV. This choice of soft-SUSY breaking parameters would give rise to a supersymmetric spectrum with mχ0 table 5 for the LS scenario, the resulting cross section would be ∼ 15 fb. Taking into account the K-factors mentioned above for the SM background and the MSSM scenarios, the expected signal significances for this simplified model would be S/B ∼ 0.7 (clearly larger than O(10%) which is considered as the minimum value to have an observable signal) and S/ B + (0.2B) 2 ∼ 3.4 for both total integrated luminosities of 300 fb −1 and 1000 fb −1 . These significances would really improve the results of table 6 and show what class of scenarios could be testable at the LHC performing these search strategies, which are out of the scope of this work. Anyway, the effects of the effective squark approximation presented and used here are practically negligible for this kind of simplified models, depending on the SUSY parameter space.
Top-quark charge asymmetries
As widely argued in the literature, tt charge asymmetries could appear in proton-proton collisions at the LHC (see for example [62] and references therein). In order to investigate them, we consider the cut-independent charge asymmetries defined by Eq. (18) , which are being used in current analysis by ATLAS [54] and CMS [55] . Both experiments are reporting charge asymmetries compatible with a zero value and consistent with the SM expectations. In table 7 we present our results for the top-quark charge asymmetries, calculated from Eq. (18), as a function of particle rapidity (y) and the pseudo-rapidity (η) at √ s = 14 TeV. Results Table 7 : Top-quark charge asymmetries as a function of the rapidity (y) and the pseudorapidity (η), in %, for the SM and the MSSM scenarios for β z,tt > 0 (β z,tt > 0.6) at the √ s = 14 TeV LHC.
are given for the SM in pp → tt channel and for all the four SUSY scenarios defined in the previous section. It is important to remark here that the asymmetries are computed for one model at a time, with the denominators at the same order as the numerators 2 . Our SM values are computed using a NLO approximation as included in MadGraph [132] , they are meant for the comparison to the MSSM predictions. At this point we want to emphasize that a detail understanding of the decay processes and experimental cuts in both models will be necessary to combine NLO level computations in a consistent way. We only focused here on the impact of the effective corrections on top-quark charge asymmetries in several MSSM scenarios and we compare their results with the SM predictions. Our computations are done without any cut on the z-component of tt-system velocity, β z,tt , and with a kinematic cut on β z,tt , requiring β z,tt > 0.6 (results within brackets of table 7), which defines a region of phase space where the physics beyond the SM effects on the asymmetry may be enhanced [69] . All the MSSM predictions, both at tree level and in the squark effective description approximation, are close to the SM ones, being the Def and mod − scenarios the most compatible ones with the SM predictions. As expected the β z,tt > 0.6 cut increases the values of the asymmetries in most of the cases. The results for the top-quark charge asymmetries are also sensitive to the inclusion of radiative corrections through the analysis of the effective approximations. For the case of Def (mod − ) scenario, when β z,tt > 0.6, the relative deviation δ is about −63% (43%) for A tt C (y), −53% (13%) for A tt C (η) and −66% (−0.28%) for A l + l − C (y). Therefore, the top-quark asymmetries decrease strongly when radiative corrections are included in the case of the Def set but, contrary, in the mod − scenario the situation changes a bit increasing the values of A tt C whilst A l + l − C (y) decreases. In the other two scenarios, pM SSM c and LS, the results of the deviations are compatible with zero. However, the radiative corrections can be also important, being δ −75% for A tt C (y) and 7% for A l + l − C (y) in the pM SSM c scenario, and around −100% for A l + l − C (y) in the LS set. As a conclusion, the behavior of the top-quark asymmetries with the inclusion of the radiative corrections is strongly dependent on the SUSY scenarios, and it must be taken into account in phenomenological analysis.
Let's emphasize that the tt charge asymmetry is a consequence of Feynman diagram interferences. Thus, it is necessary that at least two diagrams from thechannel contribute significantly, otherwise the asymmetry will be consistent with zero. Needless to say, all contributions from the gg channel, despite they interfere with each other, are symmetric, and hence cancel when accounted in the calculation of Eq. (18) . First, we analyze the results for scenarios with the lowest values of the asymmetry: pM SSM c and LS. In these scenarios, at tree level, more than 99% of thecontributions to the total cross section comes from the double resonant diagrams as in figure 1a with q →t 1 . When using the effective approximation of squark interactions, the relative weight ofdiagrams do not change and the mentioned diagram is by far kept as the leading one. Then, for these scenarios there is no chance of observing values of A tt C differing from zero regardless the approximation used.
Second, the mod − scenario gives a positive asymmetry a bit larger than in the above two scenarios. In this case, the diagrams as in figure 1a withq →t 1 give a contribution of 43% (48%) to thecross section at tree level (in the effective approximation). The contribution withq →t 2 is less than 1.5%. Correspondingly, a 45% (42%) of thecontribution is absorbed by diagrams as in figure 1b, beingq →t 1 andf →f 1,2 the squarks of the first and the second generation. These squarks in the mod − scenario are degenerate and the physical masses are around 1.5 TeV thus enhancing the interference and, therefore, changing A tt C towards values different from zero. In this scenario, the interference betweent 1 andt 2 diagrams is small. Summarizing, the main interference comes from diagrams like in Figure 1b with the first and second generation of squarks in the internal line and the lightest top-squark.
Finally, the Def scenario also has a different behavior of the relative weights of the contributions to thecross section. Diagrams of figure 1a withq →t 1,2 give a 75% (81%) of the total cross section of thechannel and split on 43% (55%) for thet 1 and 32% (26%) for thet 2 diagram at tree level (in the effective calculation). In this scenario the larger branching ratio of the decayt 2 → tχ 0 1 in comparison to the branching ratio of thet 1 → tχ 0 1 compensates the difference of each pair production cross section, allowing the interference between each other. Diagrams as in figure 1b withf →f 1 in the internal line contribute in about 15% (12%) to thechannel cross section, evenly split betweent 1 andt 2 and hence interfering between each other as well. The diagrams withf →f 2 contributes less than a 0.5%. Therefore, the asymmetry values arises from the interference between the diagrams as in figure 1a and 1b with both squarks,t 1 andt 2 , and the lightest squark of the first and second generation. In summary, the reasons to explain asymmetry values different from zero in the MSSM are rather dependent on the SUSY parametrization chosen. Since most of the charge asymmetries are focused on large rapidities [37] , we also use the complementary definition of asymmetry on Eq. (19) in our analysis. Table 8 . We see clearly that the SM predictions are very dependent on the m tt cut, which enhances almost a factor of 1.5 the value of the asymmetry from m tt > 2m t to m tt > 450 GeV. LS and pM SSM c predictions also increase with the m tt cut, while Def and mod − ones hardly change. The MSSM scenario most compatible with the SM predictions is mod − , while Def present results of the same order of magnitude but no so close to the SM ones. Clearly, for pM SSM c and LS scenarios the results are at least one order of magnitude smaller, but also consistent within the statistical uncertainties.
In order to find kinematic regions where the top-squark-pair production viaannihilation was comparable or even dominant over gluon fusion, and thus the charge asymmetry is capable to help in the search for SUSY, we show in figure 2 the behavior of the asymmetry A tt (Y cut ) for all the four SUSY scenarios in comparison with the SM predictions, and for different values of the m tt cut. Each bin of this figure contains at least 0.01% of the total number of simulated events (500 events). Large values of Y cut contain fewer events and are not shown.
With this set up the largest statistical uncertainty is 4.5%. We can conclude the following statements for each scenario:
• Def: The tree and the effective approximation results are very similar in this scenario and both predictions are almost equal to the SM ones, specially for low values of Y cut . The m tt > 450 GeV cut shows similar results as the non-cut asymmetry.
• mod − : In this scenario there is no difference between m tt > 2m t and m tt > 450 GeV cuts. In both cases and for low values of Y cut , the predicted asymmetry is close to the SM ones. For Y cut > 1.5, the asymmetry becomes negative and could be distinguishable from the SM prediction. Again, the results with m tt < 450 GeV are very different to the other two cuts, and we obtain very different results for the tree and the effective approximations, with the predictions of the latter very similar to the SM results.
• pM SSM c : All the predictions in this scenario, in both tree and effective approximations and for low values of Y cut , are compatible with no asymmetries. The best region in order to try to distinguish this scenario from the SM is 1.5 < Y cut < 2.2, with m tt < 450 GeV, in which the effective description provides a much larger asymmetry than the SM one whilst the tree-level results are also large but negative.
• LS: For low values of Y cut , this scenario is also compatible with no asymmetries, while in the effective approximation and for large values of Y cut the charge asymmetry becomes negative for m tt > 2m t and m tt > 450 GeV. The use of a cut in m tt also enhances the size of the asymmetry for Y cut larger than 2. On the other hand, the behavior of the asymmetry is very different if we consider the tree-level results. In this case, the m tt cut does not help and it is very difficult to differentiate the tree-level results of LS from the SM predictions.
The main conclusion of this section is that all the SUSY predictions of A C are compatible with the SM ones. For low values of Y cut , it is hard to distinguish between the SM and the SUSY results. On the other hand, for values of Y cut > 1.5 the MSSM predictions are very different to the SM ones. However, the statistical uncertainties in these cases are so large that do not allow us to draw any conclusion. In other words, we cannot make use of these A C results in order to discriminate among the SUSY scenarios proposed along this work. Fortunately, the study of top-quark polarizations may provide additional information, useful to differentiate among scenarios as we will see in the next section.
Top-quark polarization
The longitudinal polarization of the top quarks coming from top-squark decays into neutralinos may supply information about the SUSY scenario under study [133] . As it is known, it also differs from the unpolarized SM pair-produced top quarks. We investigate in this work if the inclusion of the radiative corrections to quark-squark-gaugino couplings [22] may change the final polarization state of the top-quarks in the SUSY framework.
First of all, we show in table 9 the expected longitudinal top-quark polarization for each SUSY scenario, calculated with Eq. (7). As explained in [45, 48] , the value and the sign of polarization of tops coming fromt 1,2 → tχ 0 1 decays depend on the mixing of the top-squark sector, the nature of the neutralino and the mass difference between the top-squark and the neutralino. In all the SUSY scenarios evaluated in this work,χ 0 1 is a pure bino-like neutralino. Table 9 : Polarization of top quarks, P t , coming fromt 1 → tχ 0 1 decays for the MSSM scenarios with tan β = 10, 30, 50. Such bino-like neutralino couples stronger to the right-handed (RH) than to the left-handed (LH) components of the top-squark, enhancing positive values of the polarization even though the LH component of the top-squark was larger. Anyhow, whenever the LH (RH) component of the top-squark is overwhelmingly above the RH (LH) one, and the f 2 factor in Eq. (7) vanishes 4 , the polarization will have values of P t = −1 (+1).
In the pM SSM c scenario, the lightest top-squarkt 1 is mostly LH and therefore we obtain a top polarization very close to −1, as shown in table 9. The mod − scenario represents a parametrization where the mixing in the top-squark sector is maximal and the large mass difference between the top-squark and the decay products induces f 2 → 0. Due to the fact that the bino-like neutralino couples stronger to the top-squark RH component than to the LH one and f 2 → 0, we obtain large values of the polarization, ∼ 0.8, in agreement with results in [45] (see figure 3 therein). In Def and LS scenarios the top-squark mixing has similar and large LH components but with an important RH components which contribute more to the top-quark polarization than the LH ones. In these scenarios the values of the LH and RH couplings (which are of the same sign) in Eq. (7) are rather similar. The increase of the polarization values for the LS scenario with respect to Def scenario lies on the difference among the value of f 2 in Eq. (7). In the Def scenario f 2 → 0 meanwhile in the LS scenario f 2 ≈ 0.5. The denominator of Eq. (7) for the LS scenario is smaller than for the Def scenario and then the polarization is larger for the former than for the latter. A small variation on the values of P t can be also appreciated as a function of tan β, since this parameter slightly modifies both the top-squark and neutralino mixings, and consequently the LH and RH components of top-squarks and the nature of the lightest neutralino,χ 0 1 . The right panels show the factor dK SUSY /dx, Eq. (24).
These changes would also be reflected on the final leptons angular distribution and hopefully measured through the asymmetries defined as in Eqs. (15) and (13) . Table 10 displays the predictions for the angular asymmetries, A φ l and A θ l , for the SM and the four MSSM scenarios studied here. We have checked that our SM results agree with [83] under the same cut conditions. In the last column of this table we also include the values of P t for the decaỹ t 1 → tχ 0 1 with the SUSY parameters as in table 2. As already discussed, polarization values different from 0 translate into sharply peaked lepton distribution in φ l -towards 0 and 2π-and θ l -towards 0-as can be observed in the left column of figure 3 where the normalized distribution of both variables are presented for the SM and all MSSM parametrizations. As expected, when comparing to SM results larger asymmetries values for all MSSM scenarios are obtained. Figure 4 shows the normalized top-quark boost distribution, β t as in Eq. (11), for the SM and all MSSM scenarios. Note that figures 3 and 4 only show the result in the effective approximation. The tree-level results are not presented here because they are indistinguishable in the plots. Top-quark boost distributions are presented for β t > 0.4 as it reflects the characteristics of more than 99% of the top-quark population for any model or parametrization. We clearly see how in Def, mod − and pM SSM c scenarios a large fractions of top quarks ( 98%) is emitted with β t > 0.8, supporting further the sizable values of the asymmetries obtained for those scenarios. The highly boosted top-quark populations smear the possible changes in the asymmetries due to P t variations. For example, in the Def scenario, a change in P t of +130% due to radiative corrections translates into a tiny ∼ 0.4%, ∼ 1.06% change in A φ l , A θ l respectively. Opposite, the LS scenario shows the less boosted top-quark populations (Figure 4) , and it has the smallest asymmetries (table 10) , hence the asymmetries are more sensitive to P t variations. A P t change of 37% due to radiative corrections translates into a 1.3%, 4.5% change in A φ l , A θ l respectively. Even though the LS scenario gives the lowest asymmetries among our SUSY scenarios, the predictions in the effective approximation are a 40% and 88% larger than the SM values for A φ l and A θ l respectively. To asses the effects of the radiative corrections, we define the ratio of the corrected-totree-level distributions,
where x is a distribution variable. Right panels of figures 3 and 4 show the effects of the radiative corrections on the φ l , θ l and β t distributions. The radiative corrections change slightly the angular distributions in the φ l ∼ π and θ l ∼ π regions, up to a 10% for φ l and a 20% for θ l . The exception is the pM SSM c scenario whose dK SUSY /dφ l and dK SUSY /dθ l (24) factors are ∼ 1 in the whole range. As for the β t distribution the dK SUSY /dβ t (24) factor is ∼ 1 for all scenarios, except Def. For Def dK SUSY /dβ t is ∼ 1.05 for 0.7 < β t < 0.9 and 0.9 at the largest β t bin. As mentioned in [48] and references therein, the measurements of lepton angular asymmetries in the highly boosted top-quark scenarios is a challenge at the LHC. Thus, distribution of u and z variables, defined as in Eqs. (16)- (17), may serve as a better discriminator for new physics scenarios enhancing top-quark transverse polarization. Figures 5 and 6 show the normalized distribution of the u and z variables for the SM and the four MSSM scenarios in the effective description approximation of squark interactions, (a) without any cut on β t and (b) requiring a kinematic cut β t > 0.8. We have checked that larger kinematic cuts do not change the distribution. In agreement with [48] , the pM SSM c scenario, with the negative polarization, show the largest difference with respect the SM with a shift on the u distribution about 0.1 units toward lower values. The positively polarized top-quark scenarios (LS, mod − and Def) differ from the SM predictions only slightly in the range 0.7 < u < 0.95, a situation that worsens when the cut on β t is required. For the z distributions, the positively polarized top-quark scenarios are hard to distinguish among each other independently of the β t cut, their shape resembles the SM one as the β t -cut is increased. Regarding to the radiative corrections, the u and z distributions are hardly affected. The ratio between the effective and tree-level distributions differ on a couple of units of percent in boundary values of the variables: u, z ≈ 0 and u, z ≈ 1. This ratio is close to 1 in the rest of the numerical intervals of these two parameters. Therefore, these observables are unaffected by the higher order corrections in the quark-squark-chargino/neutralino interactions. Going back to the discussion about scenarios with more promising signal significances (see paragraph just above section 4.1), we stress that the distribution of the energy ratio z does not change significantly, in the context of the radiative corrections to the quark-squarkchargino/neutralino interactions.
Conclusions
We have computed and analyzed the top-quark polarizations and tt charge asymmetries, induced by top-squark pair production at the LHC and the subsequent decayst 1 → tχ 0 1 . The computations have been performed with MadGraph, including the effective description of squark interactions with charginos and neutralinos for the MSSM case. We have considered four different SUSY scenarios, as presented in table 2, and we have focused on the effects of the effective approximation of squark interactions in tt charge asymmetries and top-quark polarization observables as defined in section 3. We compare the results with the SM expectations, computed using the leading NLO QCD corrections as included in MadGraph 5.
The SUSY contributions to top-quark charge asymmetries, Eqs. (18) and (19) , are strongly dependent on the SUSY scenarios, change significantly with the inclusion of the radiative corrections and our estimations are of the same order of the SM predictions (tables 7 and 8). Using a kinematic cut Y cut > 1.5 enhances the SUSY contributions. Unfortunately, they are still smaller than current experimental sensitivity.
For the top-quark polarization studies, the radiative corrections to the quark-squark-chargino/neutralino vertices increase the value of the polarization of the top-quarks coming from the squark decay, compared to the tree-level prediction (table 9) . We have discussed in detail the behavior of the top-quark polarization in all the SUSY scenarios studied in this work, in whichχ 0 1 is a pure bino-like neutralino. The top-quark polarization varies between −1 and 1, depending also on the mixing of the top-squark sector and the mass difference between the top-squark and the neutralino. The changes in the top-quark polarization induce a change in the distributions and asymmetries of the lepton coming from top-quark decays (table 10) . Because the top-quarks are highly boosted (Figure 4) , the polarization effects are smeared in the final distribution. The effects are more visible in scenarios with less boosted top-quarks (LS).
The discrimination power of the u and z variables, Eqs. (16) and (17), of MSSM scenarios against SM was also tested. The scenario with negative polarization of the top quarks, pM SSM c , shows the maximal discrimination power against the SM independently of the kinematic cut applied on the top-quark boost. In this analysis we obtain that the inclusion of the higher order corrections through the effective description of the squark interactions does not change strongly the u and z distributions obtained at leading order (Figures 5 and 6) .
We have found strong effects of the radiative corrections on the top-quark polarization. One would welcome new top-quark observables and strategies aimed at analyzing top-quark polarization.
